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Powdery mildew caused by Blumeria graminis f.sp. hordei (Bgh) is one of the main foliar diseases in 19 barley (Hordeum vulgare L.; Hv). Naturally occurring resistance genes used in barley breeding are a 20 cost effective and environmentally sustainable strategy to minimize the impact of pathogens, 21 however, the primary gene pool of H. vulgare contains limited diversity owing to recent 22 domestication bottlenecks. To ensure durable resistance against this pathogen, more genes are 23 required that could be unraveled by investigation of secondary barley gene-pool. A large set of 24
Hordeum bulbosum (Hb) introgression lines (ILs) harboring a diverse set of desirable resistance traits 25 have been developed and are being routinely used as source of novel diversity in gene mapping 26 studies. Nevertheless, this strategy is often compromised by a lack of recombination between the 27 introgressed fragment and the orthologous chromosome of the barley genome. In this study, we fine-28 mapped a Hb gene conferring resistance to barley powdery mildew. The initial genotyping of two Hb 29
ILs mapping populations with differently sized 2HS introgressions revealed severely reduced 30
interspecific recombination in the region of the introgressed segment, preventing precise localization 31 of the gene. To overcome this difficulty, we developed an alternative strategy, exploiting 32 intraspecific recombination by crossing two Hv/Hb ILs with collinear Hb introgressions, one of 33 which carries a powdery mildew resistance gene, while the other doesn't. The intraspecific 34 recombination rate in the Hb-introgressed fragment of 2HS was approximately 20 times higher than 35 it was in the initial simple ILs mapping populations. Using high-throughput genotyping-by-36 sequencing (GBS), we allocated the resistance gene to a 1.4 Mb interval, based on an estimate using 37
the Hv genome as reference, in populations of only 103 and 146 individuals respectively, similar to 38 what is expected at this locus in barley. The most likely candidate resistance gene within this interval 39 encodes a legume-type lectin-receptor-like protein (LecRLP) . Like other LecRLPs that have been 40 implicated in resistance, this gene could be a good candidate for Hb resistance. The reported strategy 41
can be applied as a general strategic approach for identifying genes underlying traits of interest in 42 crop wild relatives. 43
1
Introduction 44
The increased genetic uniformity of cultivated crops, makes them highly vulnerable to various biotic 45 and abiotic stresses, leading to crop yield losses and serious food security issues (Hoisington et al., 46 1999). Disease resistance breeding is a cost effective and environmentally sustainable strategy for 47 minimizing the damage caused by plant pathogens. Hence, plant breeders are continuously working 48
to discover novel sources of genetic resistance. Crop wild relatives (CWRs) are a reservoir of genetic 49 variation providing an important source of novel alleles for the genetic improvement of cultivated 50 species. Crosses between cultivars and CWRs have been carried out in several crop species to unlock 51 this favorable genetic diversity (Tanksley and McCouch, 1997; Feuillet et al., 2008) . Some 52 prominent examples of the introgression of favorable disease resistance alleles from CWRs are the 53 introductions of late blight resistance into potato from the wild potato Solanum demissum (Rao, 54 1979; Prescott-Allen and Prescott-Allen, 1986), and of stem rust resistance genes Sr21 (Chen et al., 55 2015) and Sr39 (Kerber and Dyck, 1990) , both effective against the race Ug99, into bread wheat 56
from Triticum monococcum and Aegilops speltoides, respectively. 57
Barley (Hordeum vulgare L.), the fourth most important cereal crop in the world, is affected each 58
year by up to 30% potential yield loss due to pests and diseases (Savary et al., 2012 Since the identification and the extensive use of the durable and complete mlo resistance gene in 79
European germplasm (Jørgensen, 1992) , the threat of powdery mildew to barley has been largely 80 mitigated. However, mlo is associated with yield penalties (Kjaer et al., 1990) Hv/Hb introgression lines carrying a locus conferring powdery mildew resistance have been 85 described (Xu and Kasha, 1992; Pickering et al., 1995 Pickering et al., , 1998 Shtaya et al., 2007) . The Hb accession 86 A42 displays a dominant high resistance to powdery mildew that has been localized on the short arm 87 of chromosome 2H b in preliminary studies (Szigat and Szigat, 1991; Michel, 1996 photoperiod. Powdery mildew resistance phenotype was scored macroscopically based on percentage 133 infection area as described by Kølster et al. (1986) and Mains and Diktz (1930) . Plants with low 134 colony numbers and sizes surrounded by chlorotic and/or necrotic tissue (less than 25% leaf infection 135 area) were classified as resistant, while those having infection types similar to the susceptible parent 136 "Borwina", with a large infection area covered by medium to large colonies with or without 137 surrounding chlorosis, were classified as susceptible. 138
Plant material and population development 139
Initial genetic mapping was performed on the F7 and BC1F6 populations "5216" and "4176", 140
respectively, both derived from crossing a tetraploid derivative of the colchicine treated barley 141 cultivar "Borwina" and the tetraploid Hb accession A42, which is resistant to several European 142 barley powdery mildew isolates. Population "5216" is a recombinant inbred line (RIL) population 143
whereas "4176" is a backcrossed inbred line (BCIL) population. The crossing scheme used to 144 generate those populations is described in Figure 1 . 145
We hypothesized that differences in the sequence or organization between Hv and Hb orthologous 146 genome regions would severely reduce meiotic recombination. To test this hypothesis, we analyzed 147
intraspecific Hb/Hb recombination in a Hv background. We generated two F2 populations by 148 crossing two independent Hv/Hb ILs carrying independent but overlapping Hb introgressions at the 149 terminal 2HS chromosome, thus representing different Hb genotypes at the resistance locus. Three 150 introgression lines "IL 88", "IL 99" and "IL 116", developed in New Zealand Institute for Crop and 151
Food Research, were selected that carry independent Hb introgressions at end of the short arm of 152 barley chromosome 2H (Wendler et al., 2015, Table 1 ). These three ILs were phenotyped for 153 resistance against isolate CH4.8 ( Figure 2 ). Only "IL 88" displayed full susceptibility to CH4.8 and 154
was used for further population development. 155
The homozygous resistant ILs 5216/4_40 and 4176/26_33 from the populations "5216" and "4176" 156 were crossed to the susceptible "IL 88". From each cross, a single F1 plant was selfed, resulting in 157 103 and 146 F2 seeds, respectively. These two F2 populations were named "dIL_5216" and 158 "dIL_4176", respectively. 159
Genomic DNA extraction 160
Genomic DNA was extracted from third leaves of barley seedlings using a guanidine isothiocyanate-161 based DNA isolation method in 96-well plate format as described earlier (Milner et al., 2018) . 162 dsDNA concentration was measured by Qubit® 2.0 Fluorometer using the Qubit™ dsDNA BR 163 (Broad Range) Assay Kit (Invitrogen, Carlsbad, CA, United States) following the manufacturer's 164 protocol. 165
Marker development 166
To screen the initial IL mapping populations "4176" and "5216" for recombinants, nine CAPS 167 markers (supplementary Table 1 was set to minimum Tm = 58°C, optimum Tm = 59°C and maximum Tm = 60°C. The product size 178 was defined to be between 700 and 1,000 bp and Guanine-Cytosine content (GC-content) was set 179 within the range of 50-55%. 180
CAPS genotyping 181
Genotyping of populations "4176" and "5216" with the described CAPS markers was performed in a 182 20 µl PCR reaction volume including 20 ng genomic DNA, 0. Genotyping of the mapping populations employed nine CAPS markers designed based on existing 225 exome capture re-sequencing data (Supplementary table 1) . This showed that the BC1F6 population 226
"4176" carried a longer introgressed segment compared to the F7 population "5612" (Figure 4 ). The 227
genotyping results for population "5612" confirmed the extent of the introgressed segment, 228
previously detected by exome capture in the F6 generation (Wendler et al., 2015) . 229
Genotyping of 266 and 203 individuals in the initial IL mapping populations "4176" and "5612", 230 uncovered only three and two recombinants within the introgressed segments, respectively ( Figure  231 4). The introgressed segment therefore has a genetic length of approximately 1 centiMorgan (cM). 232
Yet, the segment of population "5612" represents 10 cM on the barley POPSEQ map (Mascher et al., 233 2013a; Wendler et al., 2015) . This confirms the anticipated reduced recombination between the Hv 234 genome and the introgressed Hb segment. The resulting genetic interval for Mlhb.A42 is flanked by 235 markers CAPS02 and CAPS11, corresponding to a 9.5 Mbp interval between bp positions 2,269,761 236 and 11,819,688 on chromosome 2HS. 237
Recombination and mapping of Mlhb.A42 in double introgression lines 238
The 103 and 146 F2 plants from the two double introgression populations "dIL_5216" and 239 "dIL_4176", respectively, were genotyped by GBS and phenotyped for resistance against CH4.8 240
isolate. Based on obtained SNP variants across candidate interval for Mlhb.A42 defined in the initial 241 mapping populations, 14 and 36 recombinants were obtained in "dIL_5216" and "dIL_4176", 242 respectively ( Figure 5) . (HC) genes ( We report the fine mapping of Mlhb.A42, a dominant powdery mildew resistance locus originating 260
from Hb, using mapping populations derived by crossing two independent, resistant and susceptible, 261
Hv/Hb ILs. The strong suppression of recombination between homeologous genomic segments in 262
Hv/Hb introgression lines, which typically results in severe linkage drag, previously represented a 263
barrier to the efficient utilization of Hb germplasm in barley crop improvement, and to the isolation 264 of disease resistance genes introgressed from Hb. 265 LecRKs are a type of RLK characterized by an extracellular lectin motif (Wu and Zhou, 2013 Durability and spectrum of a resistance gene are two major criteria to assess its application potential 342 (Mundt, 2014) . Durability of resistance genes can become a major concern as deployed resistance 343 genes are experiencing a boom-and-bust phenomenon (Gladieux et al., 2015) . The spectrum of 344
Mlhb.A42 was not evaluated in this study and should be tested in order to ascertain its potential for 345 field resistance. Durability is difficult to estimate under laboratory scenarios. The durability of 346 orthologues genes can be used as a proxy, yet quite imperfect. As discussed earlier, the wheat 347 resistance gene Pm21could be orthologous to Mlhb.A42. In the current study we report genetic mapping of Mlhb.A42, a dominant resistance locus introgressed 362 to cultivated barley from Hb. This work is a proof-of-concept study for establishing the basic steps of 363 map-based cloning of genes present in Hv/Hb IL collections by exploiting double ILs mapping 364 populations. Using this strategy, we circumvented the limitation of repressed meiotic recombination 365 which was frequently observed in attempts of genetic mapping employing populations derived 366
between Hv/Hb introgression lines and pure barley cultivars. Here, we observed similar or even 367 higher recombination rates as expected in Hv and thus providing a major step towards facilitated 368 exploitation of secondary gene pool-derived resistance genes in barley crop improvement. 369
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respectively, corresponding to a 20 fold increase compared to single introgression lines. The 815
